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(42% and 22%) ammonia concentrations, significantly higher urea production (39 % and 86 % ) and significantly smaller increases in brain glutamine and lactate concentrations than in controls. These changes were associated with a significantly smaller increase in clinical grade of encephalopathy in ORN-and OA-treated rats, and a significant improvement in EEG activity in ORN-treated rats. OA-treated rats showed a significant increase in aspartate and glutamate concentrations in brain dialysate.
Conclusions:
The beneficial effects of both treatments on the manifestations of hyperammonemiainduced encephalopathy can be explained by a reduction in blood and brain ammonia concentrations. It is suggested that when OA is administered, the effect of ornithine is partly counteracted by aspartate, inducing high brain extracellular concentrations of the two excitatory amino acids glutamate and aspartate, and perhaps causing overstimulation of NMDA receptors.
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indirectly influence brain energy metabolism (4-6). Furthermore, because glutamine synthase, present in astrocytes, catalyzes glutamine formation from ammonia, hyperammonemia may lead to increased intracellular glutamine concentrations which may promote cell swelling and finally brain edema (7) a common terminal event in fulminant hepatic failure (8, 9) . In addition, increased intracellular glutamine concentration may stimulate plasma to brain transport of aromatic amino acids (AAA) across the blood-brain barrier (10-12). Since AAA are the di-rect precursors of the monoamines (dopamine, noradrenaline, serotonin, kynurenine and tryptamine), elevated brain concentrations of AAA may affect the synthesis of these amines. Another possible "toxic" effect of raised extracellular ammonia concentrations in the brain is suggested by the observation that in isolated synaptosomes, glutamate re-uptake is inhibited by high ammonia concentrations (13) . If this is also the case in viva, this could result in high extracellular glutamate concentrations, possibly leading to overstimulation of N-methyl-D-aspartate (NMDA) receptor activity.
For all these reasons, reducing hyperammonemia in patients with severe liver failure has always been one of the important goals of therapeutic applications. Administration of omithine and also ornithine compounds has been proved to decrease blood ammonia concentrations (14-16). During the last decades, clinical studies have shown that L-omithine-L-aspartate reduces blood ammonia concentration, restores amino acid imbalances and may improve the clinical symptoms of HE in patients with mild liver failure (17, 18) .
In order to study the mechanism of the possible therapeutic effect of L-ornithine alone or in combination with L-aspartate, an experimental study was designed in which the efficacy of a monotherapy of L-ornithine (ORN) was compared with a combined therapy of L-omithine and L-aspartate (OA) in portacaval shunted rats with hyperammonemia-induced encephalopathy. The question whether the beneficial effects of these agents is solely due to increased "extracerebral" nitrogen metabolism or to alterations in brain metabolism and/or neurotransmission was addressed. The latter was studied by in vivo cerebral 'H-MRS and in vivo brain dialysis.
Materials and Methods

Animals
Male Wistar rats (200-300 g, HSD Zeist, The Netherlands; 12 h light cycle: 8 a.m. -8 p.m.) were used and had free access to standard laboratory chow (RMH 1410, Hope Pharms, The Netherlands) and water ad libitum. Animal welfare was in accordance with institutional guidelines of the University of Amsterdam.
Surgical and experimental procedures
Three experimental groups were studied: 1 -control rats, 2 -ORN-treated rats, and 3 -OA-treated rats. One day before ammonium-acetate was infused, a portacaval shunt operation (PCS) was performed under ether anesthesia in all groups (19). On the day of the infusion, a jugular vein catheter and a carotid artery catheter were placed in the rats under ether anesthesia in order to infuse the different solutions and to take blood samples, respectively. After recovery of anesthesia, a bolus injection of 0.4 mmolkg bw-' ammonium-acetate was given to all groups prior to an ammonium-acetate infusion (1.9 rnmol.kg bw-'.h-') for 5 h (AI-PCS: ammonium-acetate infusion in PCS rats). At t=l h, a steady-state blood ammonia concentration was obtained and the ORN (L-ornithine-hydrochloride) or OA (L-ornitbine-L-aspartate, a generous gift of Dr. G. Quack from Merz & Co. GmbH & Co.) treatment was started in the treated groups: 3.0 mmolkg bw-'.h-' intravenously.
In addition to these treated groups, in series 1 and 3 (see below) extra groups were studied: Three AI-PCS rats received a Na-acetate infusion (3.0 mrnol.kg bw-'.h-') with the same osmolarity as the ornithine infusion and another 4 AI-PCS rats received L-aspartate infusion (3.0 rnmol.kg bw-'K'). The total volume of the infusions was 10 ml per rat in all groups.
Three different series of experiments were performed:
Series I -Quantification of severity of encephalopathy (a total of 43 rats used, 10-20 per group). Encephalopathy was graded clinically according to the level of consciousness, using the five grades shown in Table 1 . In addition to this, more or less subjective measurement an objective measurement was performed by means of EEG spectral analysis.
Five days before PCS, four golden skull electrodes were implanted (20) in order to measure EEG activity at several time points. EEG spectral analysis was obtained for four EEG frequency band regions within the range of l-26.5 Hz (21). The EEG left index was calculated as the ratio of the power of the low frequency band (l-7.4 Hz) and high frequency band in viva 'H-MR spectroscopy of rat cerebral cortex was performed, using a SADLOVE (single-shot adiabatic localized volume excitation) sequence with energy reduced, phase compensated 27~ pulses for localization. The methodology used is described in Slotboom et al. (22) . During the MRS measurements, rats were under inhalation anesthesia: 1% enflurane, 400 ml/min 0, and 600 ml/min N,O.
Series 3 -In vivo bruin microdialysis (a total of 20 rats used, 5-9 per group). To determine cerebral extracellular amino acid concentrations, in vivo brain dialysis was performed as described by Tossman et al. (23) and modified by Bosman et al. (24) . Five hours before a PCS operation was performed, a brain dialysis tube (Amicon, Ireland Ltd, Limerick, Ireland) with a 50 kDa molecular mass cutoff was transversally implanted under pentobarbital anesthesia (45mg.kg bw-' i.p.) into the cerebral cortex (coordinates: holes were drilled bilaterally 2.0 mm below bregma). A tungsten wire was used for this purpose (Clark electromedical instruments, TW5-3). On the day of the infusion, microdialysis was performed with an iso-osmotic Ringer solution at a flow rate of 5 yl/min. After a stabilization period of 30 min, collection of dialysate samples was started 1 h before the ammonium-acetate infusion and was continued until the end of infusion. Dialysate samples were collected on ice at 30-min intervals in tubes containing 10 l.~l 0.1 M perchloric acid, which were then directly frozen in liquid nitrogen. These samples were stored at -7O'C until required for analysis of their amino acid content (25).
Biochemical parameters
In the first and third series of experiments, blood samples (0.05 ml heparinized blood) were taken every hour from the carotid artery. Blood ammonia concentration was assayed by the Blood Ammonia Checker II (26) and plasma amino acid concentrations measured by means of HPLC (25). The Fischer ratio is defined as the ratio of the plasma concentrations of valine plus isoleucine plus leucine (BCAA) vs. phenylalanine plus tyrosine (AAA). At the end of these experiments, rats were sacrificed under complete ether anesthesia: blood was collected and the brains were quickly removed and frozen in liquid nitrogen. They were stored at -7O'C until required for analysis. Urea was measured in urine (collected during the 5 h of the experiment) and in plasma (at start and end of the experiment) (n=4/5 per group). Urea production was defined as:
Ure%,: urea concentration in urine, Vol,,: volume of urine, GUreap,: difference in plasma urea concentration between 0 and 5 h Vol,, : water compartment (defined as 0.6xbody weight).
Statistical analysis
Results are presented as means+SEM. Statistical analysis was performed by the Student's t-test for amino acid concentrations in plasma and brain dialysate at the end of the experiment, brain ammonia concentrations and urea production. Other parameters (blood ammonia concentration, clinical grade, EEG left index, brain concentrations of glutamine, glutamate, lactate and P-choline) were analyzed by means of repeated measurement analysis of variance (ANOVA). p-Values CO.05 were considered to be significant. 
Fig I. The effect of L-omithine (ORN) and L-omithine-Laspartate (OA) treatment on blood ammonia concentration in AI-PCS rats (PCS rats given an iv. infusion of ammonium-acetate starting at time 0). L-ornithine (n=lO) and Lornithine-L-aspartate
Results
Series I -Quantijication of severity of encephalopathy. One hour after the start of the ammonium-acetate infusion a steady-state blood ammonia concentration of 500-800 PM was obtained in all PCS rats. This steady state was sustained for the next 4 h in the control rats (Fig. 1 ). Blood ammonia concentration in ORN-and OA-treated rats decreased gradually and significantly @c0.0001) with a final decrease of 34% and 39%, respectively. Decreases in blood ammonia were associated with significantly higher urea production rates in both groups of treated rats than in control rats: 3.90zk0.28 mmol/S h in ORN-treated rats, 5.21k0.29 mmol/S h in OA-treated rats vs. 2.80 f0.08 mmoV5 h in controls (~~0.05). Ammonia concentration in brain homogenate at the end of the experiment was also significantly decreased after ORN and OA treatment:
1.43kO.12 pmol/g wet weight in ORN-treated rats, 1.93k0.18 in OA-treated rats vs. 2.48kO.17 pmol/g wet weight in control rats (JXO.05).
ORN and OA treatment also induced some significant changes in several plasma amino acid concentrations ( Table 2) . As expected, plasma ornithine concentrations became significantly higher in both groups of treated rats than in controls, and aspartate was higher in OA-treated rats than in controls. A significant increase in glutamine and the Fischer ratio, which has a value of about 3.0 in healthy rats, also occurred in treated rats. There was a significant increase in plasma glutamate concentration in OAtreated rats. No significant differences in plasma Time (hfe) citrulline concentrations were observed between treated and control groups.
Fig. 4. The efSect of L-omithine (ORN, n=6) and L-omithine-L-aspartate (OA, n=4) treatment on relative change in brain concentration of (a) glutamate, (b) phosphocholine compounds, (c) glutamine and (d) lactate in AI-PCS rats. The concentrations are measured by means of 'H-MRS and are expressed as percentage of the concentration at t=O h. (Values
Quantification of the severity of encephalopathy showed that ORN treatment significantly reduces clinical grade of encephalopathy (Fig. 2, ~~0 .0001) and EEG left index (Fig. 3 , p<O.OOl), indicating improvement of the severity of hyperammonemiainduced encephalopathy.
OA treatment was associated with a significant decrease in clinical grade of encephalopathy (Fig. 2 , pcO.OOl), but no significant improvement in the EEG left index.
Series 2 -Cerebral metabolite concentrations by in vivo 'H-MRS. In vivo 'H-MR spectroscopy showed a tendency for brain glutamate concentration to decrease in control and OA-treated rats, whereas glutamate concentration in ORN-treated rats remained constant (Fig. 4a) . No significant differences in brain glutamate concentration were observed between the treated and control groups. Cerebral cortex concentration of NAA and phosphocreatine remained constant and no differences between control and treated rats were observed (data not shown). Phosphocholine concentration showed a decrease in all groups, but there was no significant difference between the groups (Fig. 4b) . Glutamine and lactate concentrations in cerebral cortex showed a significantly smaller increase in ORN-and OA-treated rats than control rats (Fig. 4c, ~~0 .05 and Fig. 4d , p<O.OOl respectively).
Series 3 -In vivo brain microdialysis. HPLC analysis of amino acids in brain dialysates showed significantly higher concentrations of ornithine in both groups of treated rats than in controls, whereas significantly increased concentrations of glutamate and aspartate only occurred in OA-treated rats (Table 3 ). In addition, the ORN-treated rats, just like OAtreated rats, showed a significant increase in the Fischer ratio. No significant differences in cerebral extracellular glutamine concentration were observed between the groups. Apparently, the difference in increase in brain glutamine concentration between control and treated rats measured by in vivo 'H-MRS (Fig. 4c) is due to an increase in intracellular glutamine concentration.
In the "osmolarity-control" experiments, in which PCS rats were infused with ammonium-acetate infusion plus Na-acetate instead of omithine, data on blood ammonia concentration and severity of encephalopathy were similar to those in PCS rats infused with ammonium-acetate alone (data not shown). Direct measurement of the plasma osmolarity after infusion showed normal osmolarity values (305-309 nW* Aspartate infusion in PCS rats with hyperammonemia did not result in a decrease in blood ammonia concentration:
steady-state blood ammonia concentration, measured at the end of the experiment (expressed as a percentage of the concentration at t=l h) was 105f13%. In addition, severity of encephalopathy was not improved (data not shown), and moreover, in vivo brain dialysis showed increased extracellular concentrations of aspartate and glutamate in cerebral cortex (aspartate concentration at the end of the experiment: 22.7k2.0 pM and glutamate concentration: 12.W1.4 PM).
Discussion
Increased cerebral ammonia concentration is widely considered to be a major factor in the pathogenesis of HE, associated with subacute and chronic liver disease (l-3). Decreasing hyperammonemia may positively affect the manifestations of HE, and many different therapeutic modalities, which may reduce hyperammonemia, have been applied to patients with HE for many decades. Such therapies have included lactulose, benzoic acid, omithine and arginine (27, 28) . Their administration has been associated with variable improvement in the clinical manifestations of HE in patients with mild or chronic liver failure. Experimental studies have shown that increased omithine concentrations in plasma and tissue, obtained by omithine aminotransferase inhibition by 5fluoromethylomithine, may be beneficial in (sub)acute liver failure (29).
A combined therapy of L-omithine and L-aspartate has also been applied as a possible therapy of HE (17, 18) . The present data show that both ORN as well as OA treatment results in a significant decrease of blood ammonia concentration and a significant increase in urea production. The assumption is that increased plasma concentrations of omithine will stimulate urea synthesis in the liver, as has been shown in isolated perfused rat livers (30). Although the increase in urea production might also be explained by the supply of extra nitrogen by means of ORN or OA, we consider this less likely because a stimulation of urea production from externally supplied amino acids would not result in a lowering of plasma ammonia concentrations. In addition, omithine and ammonia can be transformed in extrahepatic tissue into citrulline via omithine transcarbamylase.
However, we did not observe an increase in plasma citrulline concentrations after ORN or OA treatment, indicating that stimulation of urea synthesis was the main cause of decreasing plasma ammonia levels.
Theoretically, aspartate may also reduce blood ammonia levels, since it is the second nitrogen donor for urea synthesis and it can stimulate glutamine synthesis via increased glutamate synthesis by aspartateaminotransferase. However, aspartate infusion in our experimental model did not result in a reduction of blood ammonia concentration.
This finding is in agreement with a clinical study of Eriksson et al. (31) who showed that aspartate administration to patients with liver failure did not stimulate ammonia elimination. On the contrary, plasma glutamate and glutamine concentrations in the OA-treated group showed a significant increase, which may indicate that aspartate (at least partially) stimulated glutamate synthesis, resulting in an increased glutamine synthesis. Studies have suggested that glutamine-derived ammonia is directly channeled to carbamoylphosphate synthetase (32), a key enzyme of the urea synthesis. This phenomenon affords an explanation for the absence of a decrease in blood ammonia concentration after aspartate treatment and the larger increase in urea synthesis induced by OA compared to ORN treatment. So far, the significant reduction of blood ammonia concentration found in PCS rats with hyperammonemia-induced encephalopathy in this study can mainly be attributed to omithine.
ORN and OA treatment resulted in an improvement in clinical grade, whereas ORN treatment alone resulted in an improvement in EEG activity. The discrepancy between clinical grade and EEG activity in the OA-treated group can partially be explained by the fact that EEG spectral analysis only reflects electro-activity of the cerebral cortex, whereas clinical evaluation reflects the complete behavior of the rat. Furthermore, clinical evaluation is a less objective method compared to EEG spectral analysis.
Of particular interest was whether the improvement in the severity of hyperammonemia-induced encephalopathy after ORN and OA treatment was mainly a result of reduction in ammonia concentration in blood and brain. To address this issue, in viva cerebral cortex 'H-MRS was performed in order to study the total cerebral cortex concentrations of metabolites in vivo and in time. Alterations of the total concentration of these metabolites may reflect changes in brain metabolism. In addition, in vivo cerebral cortex dialysis was performed to monitor the extracellular cerebral cortex concentrations of amino acids involved in neurotransmission.
Alterations in the extracellular concentration of these amino acids may represent changes in neurotransmitter activity.
In vivo 'H-MRS showed that ORN and OA treatment resulted in a significantly smaller increase in glutamine and lactate concentration in cerebral cortex of the hyperammonemic rats. The increase in brain glutamine concentration in AI-PCS rats, which is generally seen in PCS rats with hyperammonemia (7,10,1 l), may be either due to an increased glutamine synthesis, inhibition of glutaminase activity or decreased efflux of glutamine from the brain to the blood. Since the glutamine efflux is increased in liver failure (33) , glutamine transport is not a very likely explanation. Although it is known that the Km value of brain glutamine synthase for ammonia is 180 l.tM (6), the possibility remains that changes in concentrations of other substrates and/or cofactors of the glutamine synthesis are responsible for increased glutamine synthase activity. Inhibition of glutaminase by ammonia is another possible explanation for increased cerebral glutamine and decreased brain glutamate concentrations.
Because glutamine is a well known osmolyte, increased brain glutamine concentrations in hyperammonemia-induced encephalopathy may result in astrocyte swelling. Decreasing intracellular brain glutamine may thus have positive effects on brain edema, a major cause of death in patients with fulminant liver failure (8,9). The smaller increase of brain glutamine concentration in the ORN-and OA-treated rats can be explained by lower brain ammonia concentrations, resulting in less inhibition of glutaminase or a smaller increase in glutamine synthesis.
The increase in brain lactate concentration in PCS rats with hyperammonemia has also been seen in other studies (34, 35) . Possible explanations of this increase are inhibition of the malate-aspartate shuttle and/or inhibition of the tricarboxylic acid cycle in the brain by high ammonia concentrations. The reduced brain ammonia concentrations detected in ORN-and OA-treated rats may therefore explain the smaller increase in lactate concentration in these rats. Thus, the changes in brain metabolism can all be explained by lower brain ammonia concentrations.
Both ORN as well as OA treatment resulted in a correction of the Fischer ratio in both brain dialysate and plasma. This observation is consistent with a role for the aromatic amino acids in the pathogenesis of encephalopathy (36) . Another observation of interest was the large increase of glutamate and aspartate in brain dialysate, seen only after OA treatment. The presence of high extracellular concentrations of aspartate in the brain may inhibit the re-uptake of glutamate (37) , resulting in high extracellular concentrations of glutamate. Increased concentrations of excitatory neurotransmitters may induce NMDA receptor-mediated glutamate neurotoxicity, with resultant cell swelling, neuron degeneration (38, 39) and EEG changes. The absence of improvement in EEG activity after OA treatment and the results of aspartate infusion (no improvement in the severity of encephalopathy but an increase in cerebral extracellular glutamate and aspartate concentration) suggest a possible overstimulation of NMDA receptor activity by aspartate .
The increase in brain extracellular concentrations of aspartate and glutamate, amino acids that hardly cross the blood-brain barrier under normal conditions (40) , may also be explained by changes in bloodbrain barrier transport or integrity due to portacaval shunting and/or hyperammonemia.
If this is the case, caution is necessary if aspartate (alone or in combination with omithine) is used as therapy in patients with porto-systemic shunting.
In summary, this experimental study shows that intravenous administration of ORN and OA to PCS rats with hyperammonemia-induced encephalopathy stimulates urea production significantly, normalizes the Fischer ratio in plasma and brain extracellular fluid, and reduces the increase in brain glutamine and lactate concentration significantly. Since the metabolic changes in the brain induced in this model by ORN and OA can be related to the significant reduction in blood and brain ammonia concentration, the effects of ORN and OA treatment can be explained by the changes they induce in "extracerebral" nitrogen metabolism. In addition, ORN administration might be of therapeutic value in patients with hyperammonemia-induced encephalopathy if their urea synthesis capacity is sufficient.
It is suggested that co-administration of aspartate with omithine may diminish the beneficial effect of omithine as a result of high cerebral extracellular glutamate and aspartate concentrations, possibly by causing NMDA-mediated glutamate neurotoxicity.
